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Abstract Above all, existing blast furnace production comes about through innovations in the area of
injection of alternative fuels as a partial substitute for metallurgical coke. These fuels have one common
aspect; when they are used in metallurgical based industries, the hydrogen content in reducing gas is
significantly increased. For variant calculations of the course of blast furnace smelting and the optimising
of alternative fuels, a system of models of blast furnace smelting was developed at the VSB; Technical
University of Ostrava. This systemenables respect for basic limits and establishes the needed technological
data for calculation of the injection efficiency of these fuels into blast furnaces. Some non-traditional
alternative fuels have not been used in the process yet, here or abroad, and the use of the prognostic
model system enables, in this way, a preliminary efficiency estimation of their application without the
necessity of carrying out expensive and risky operating experiments. Following the first testing results,
the influence of the share of hydrogen on the reduction process acceleration, and in the efficiency increase
of iron production, is not negligible in any case.
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Above all, existing blast furnace production comes about
through innovations in the area of injection of alternative fuels
as a partial substitute for metallurgical coke.
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http://dx.doi.org/10.1016/j.scient.2012.12.028A strong impulse for development of fuel injection based on
coal increased the price of heavy oils and natural gas during
the oil crises. In contrast to our country, globally, injection of
alternative fuels based on coal was applied, even in the second
half of the eighties, when reliable technical equipment was
introduced onto the market and when the results of extensive
research into blast furnace technology were applied in the
process. However, changes in technological conditions and
economic factors created liquid and gas alternative fuels and
deoxidizing agents, including those of non-traditional forms.
The above mentioned fuels have one common aspect. When
they are used in metallurgical based industries, the hydrogen
content in reducing gas is significantly increased. The more
extensive use of hydrogen inmass iron production is connected
with a number of questions referring both to technological and
economic areas.
From the compounds created by hydrogen on Earth, water
is the most represented, as it covers, in the form of oceans
and seas, 2/3rds of the Earth’s surface. Organic compounds
evier B.V. Open access under CC BY-NC-ND license.
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and nitrogen, are ranked among so called biogenic elements,
which create the fundamental ‘‘building stones’’ of all living
organisms. Thanks to this fact, hydrogen practically occurs in
all compounds, creating significant base materials of present
power engineering, aswell as ofmetallurgical engineering, such
as in crude oil, natural gas and the products of their processing.
The lightest hydrocarbons are gases under normal pressure
and temperature. Heavy hydrocarbons, with 5 up to 18
carbon atoms per molecule, exist in the form of liquids under
common conditions. The viscosity of hydrocarbons increases
with molecular weight.
Hydrogen in its pure form is present in the atmosphere,
due to its high reactivity, only in trace amounts. Hydrogen is
industrially produced above all by water electrolysis or by the
conversion of natural gas. Hydrogen can be also acquired from
water by its heating to a temperature of approximately 2800 °C,
which is not acceptable for common conditions (only using
plasma or nuclear reaction could be taken into consideration).
Other methods that are under development at present,
but which can influence hydrogen production in the future,
are, for example, photo-electronic methods, light usage with
photovoltaic cells to gain hydrogen from water molecules, and
phyto-biological and biological methods, using the abilities of
some organisms to produce hydrogen.
The largest amount of hydrogen is available in water and in
all substances from the class of hydrocarbons. More than 90%
of used hydrogen is produced by steam reforming-conversion.
The high efficiency of the process and low operational and
production costs are the reason. Input base materials for steam
conversion are lighter hydrocarbons, from which the most
frequent is the methane of natural gas.
The process of partial oxidation of oil fractions is another
procedure of hydrogen production. It is also possible to produce
hydrogen from coal or coke by the reaction of water with
carbon. The process is called coal gasification. It is analogous to
partial oxidation of heavy hydrocarbon fractions.
In comparison with these methods of hydrogen production,
water electrolysis is simpler and more effective, but financially
more demanding technologically. From an economic point of
view, comparative production costs canbe reachedonly in cases
where the source of very cheap electric power is available, as
electrolysis production costs depend on its price.
1. Hydrogen utilization in metallurgy
Metallurgists concentrate above all on the utilization of
elementary hydrogen in metallurgy. There are two large
technological areas for hydrogen utilization:
The burning alias reaction of oxygen with hydrogen; it is
strongly exothermic and it can be reached at temperatures
over 3000 °C during the process. This is currently used during
welding and oxyhydrogen cutting or in the metallurgy of
non-ferrous metals during the processing of hardly meltable
elements.
Utilization of the reducing properties of gaseous hydrogen
in metallurgy to gain metals from ores by reducing processes
represents a much wider sphere.
In the blast-furnace production of pig iron, the influence
of wider hydrogen application approves itself, mainly because
of the development of the injection of alternative fuels—
deoxidizing agents, into blast furnace tuyeres. Alternative fuels,
mainly gaseous and liquid, bring more hydrogen into a blast
furnace than metallurgical coke.Hydrogen contained in gases which arises from the combus-
tion of alternative fuels in front of the tuyeres, cooperates in the
blast furnace as a deoxidizing agent and influences, not only the
chemical impact, but even, the physical properties of furnace
gases. Hydrogen significantly influences the course of combus-
tion in front of tuyeres and improves the kinetics of reducing re-
actions, even in small amounts. Reduction through hydrogen is
considerably less endothermic than direct reduction by carbon,
which improves the heat balance of the blast furnace. Thanks to
his small density, the presence of hydrogen influences the re-
duction of the total density of gas circulating through the blast
furnace and the reduction of its viscosity. It leads to a decrease
in pressure loss in the furnace stack, as well as a decrease in
taken out dust.
As alternative fuels, as deoxidizing agents are relatively rich
in hydrocarbons, a considerable amount of heat is consumed,
not only to heat them, but,mainly, for thermal decomposition of
hydrocarbons and for endothermic reactions between products
of alternative fuel combustion (CO2,H2O) and coke carbon.
During the injection of hydrocarbon fuels—deoxidizing
agents into tuyeres, particular technological impacts approve
themselves, such as:
– Decrease of combustion temperature in front of tuyeres;
– Increase of specific gas amount in the lower part of the blast
furnace (relating to the coke batch);
– Change of lower zone permeability, especially in the section
of slag generation and running down;
– Reduction of the slag specific amount;
– Change of intensity of fuel combustion;
– Reduction of coke specific consumption.
Considerations regarding the possibilities and limits of
injections of gaseous alternative fuels (natural gas, but under
our conditions, also degassing gas, coke and carbon gas, etc.)
result from similar principles as thosewith liquid and solid fuels
less rich in hydrogen:
– Change of temperature ratio in the furnace hearth due to
injection must not be too extensive;
– Increased volume of hearth gases must not cause cross-
current failures;
– Decrease in the reducing effect of cross-currents and
shortage of heat in the furnace must not occur.
For the past 20 years, we also periodically think of newmet-
allurgical technologies based on the pre-metallization of iron-
ore materials, and/or the production of metallised pellets, or
direct production of iron/steel in one sinter. These considera-
tions result from foreign findings about the possibilities of di-
rect production of iron from ores by utilization of reducing gas
rich in hydrogen, gained from coal or other hydrocarbon mate-
rials or semi-products. Under our conditions, here in Ostrava,
it seems to be particularly prospective to use gas from mining
degasification, where, a high share of nitrogen is disadvanta-
geous. Several mentioned foreign theories are projected for the
utilization of pure nitrogen, but the majority think of utilizing
the gaseous mixture H2–CO, gained by conversion of suitable
rawmaterials. In the Ostrava smelting works, it would not refer
only to imported natural gas, but also to coke gas and/or de-
gassing (carbon) gas.
In the past, H–iron technology proved to be the best process
when pure hydrogen for reduction was used. This technology
represents a reduction in fine-grained concentrate pre-heated
up to 480 °C in a tubular furnace by a hydrogen temperature
of 480–540 °C and a pressure of 3.6 MPa in a three-stage fluid
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reduction.
reactor. Overpressure in the ore reservoir enables successive
reactor charging. Low ore temperatures limit product sintering.
Reducing hydrogen is gained from natural or coke gas, during
which time, the remaining CO2 is absorbed in monoethylamine
or potash. CO residues are removed in a Cu ammonium solution.
The level of product metallization makes up to 98%. Sponge
iron is heavily pyrophoric. Hydrogen is eliminated by nitrogen
to gain powder and the product is then cooled (passivation is
done at temperatures of about 850 °C), or is hot briquetted
and cooled by water. The product can be also pressed, broken
and cooled in a drum cooler. The energy intensity of this
production represents 20 GJ/t HBI [1]. Figure 1 shows the
principal scheme of a suitable technological arrangement for
hydrogen reduction [1].
2. Determination of minimum consumption of reducing
gases
Resulting from the above mentioned facts, besides CO and
carbon, hydrogen can also be an equivalent deoxidizing agent,
not only in the blast furnace but also in the area of direct iron
production from ores, although often combined with CO. To as-
sess new technologies of iron production from the point of view
of their application under our conditions, it seems to be nec-
essary to know the minimum possible or at least theoretically
minimum possible, consumption of the deoxidizing agent at
the assigned reduction temperature, and utilization of hydro-
gen and/or gaseous mixtures (H2 + CO). This minimum con-
sumption cannot be determined from stoichiometric reduction
formulation, but it is necessary to result from the conditions
of equilibrium of the assigned reduction reaction and from the
conditions of kinetic processes.
To theoretically determine the minimum amount of H2
needed for Fe2O3 reduction up to iron, at the usually considered
temperature of 900 °C, under conditions of a counter-current
reactor, we can keep to the following scheme [2].
3Fe2O3 + H2 = 2Fe3O4 + H2O zone I, (1)
2Fe3O4 + 2H2 = 6FeO+ 2H2O zone II, (2)
6FeO+ 6H2 = 6Fe+ 6H2O zone III. (3)
To simplify an assessment, it can also be anticipated that in
every single ore piece, at most, 2 iron oxides can exist at thesame time. Then, reduction takes place gradually in the total
volume of pieces in the individual zones of the reduction sinter
marked with Roman numerals I–III.
In zone III, a wüstit reduction to Femet occurs where 6 kmol
H2 is consumed per 6 kmol FeO and 6 kmol H2O arises. On the
boundary of zones III and II, where wüstit reduction starts, it is
necessary to provide the following relation to reach equilibrium
at the temperature of 900 °C
H2
H2O
= 63.32%
36.68%
= 1.7263. (4)
The thermodynamic efficiency of hydrogen utilization for
the wüstit reduction,
η
/
H2
= H2O
H2 + H2O , (5)
represents, under these conditions, the following value:
η
/
H2
= 0.367, resp. 36.7%.
For the coefficient of needed reducing gas excess ‘‘n’’, the
following relation is valid:
n− 6
6
= 1.726, (6)
from which it is resulted, that, for iron reduction of 6 kmol, it is
necessary to reduce hydrogen to 16.356 kmol, which represents
an excess amounting to n = 2.73 kmol per 1 kmol of iron.
n − 6 = 10.36 kmol H2 and 6 kmol H2O are left for zone II.
During reaction 2, kmol H2 are consumed and the leaving gas
contains 8.36 kmol H2 and 8 kmol H2O, then, i.e. 51.10% of H2
and 48.90 of H2O. Gas of this composition is richer in hydrogen
than the thermodynamic equilibrium between oxides, FeO and
Fe3O4, requires (16.93% H2 and 83.07% H2O).
n− 8 = 8.36 kmol H2 and 8 kmol H2O proceed into zone II,
so that the gas contains 51.1% H2 and 48.9% H2O. Nevertheless,
to reach equilibrium, a mixture with a very low H2 content is
sufficient.
From the above mentioned facts, it follows that the gas
reducing ability is used very little in zones II and I. During the
reduction of 3 kmol Fe2O3 to Fe, it is necessary that 9 kmolH2, as
per reaction stoichiometric formulation, while, as per the above
mentioned calculation, its theoretical minimum consumption
is 16.36 kmol, i.e. 5.45 kmol per 1 kmol Fe2O3 or 2.73 kmol
per 1 kmol Fe. Nevertheless real gas consumption will always
be a little higher as a consequence of kinetic influences, first,
because of the hydrogen concentration gradient between the
surface of the pieces and the interface of phases. Consumption
values of the reducing gas near the stoichiometric boundary can
only be reached by its recirculation and regeneration [3].
2.1. Minimum consumption of gaseous mixture
In production, it is better to use not pure hydrogen but
gaseous mixtures of CO + H2. Stoichiometric consumption of
individual compounds of reducing gas (CO or H2) per 1 kmol of
Fe are as follows: from Fe2O3 1.5 kmol, from Fe2O4 1.33 kmol
and from FeO 1.00 kmol. A mixture of gases (CO+ CO2 + H2 +
H2O) enters the reaction reactor and set up on the individual
horizons determined by the boundaries of reducing zones,
depending on the temperature of the particular thermodynamic
equilibrium.
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the boundaries of the reducing zone will be as follows:
In zone I, on the boundary between Fe and FeO, there will
be an equilibrium share of COr,l = 0.685 and an equilibrium
share of H2r,l = 0.619.Minimum consumption is in the gaseous
mixture (CO + CO2 + H2 + H2O) in the first zone. This means
that the reduction of wüstit to iron will be formulated by the
following relation:
Vmin.1 = 11− (CO2 + H2O)− COr,1 (CO+ CO2)− H2r,1 (H2 + H2O) . (7)
An analogical relation will be valid also for the second zone,
meaning the boundary between magnetite and wüstit:
Vmin.2 = 1.331− (CO2 + H2O)− COr,2 (CO+ CO2)− H2r,2 (H2 + H2O) . (8)
A similar procedure is possible also for the boundary
magnetite—hematite, but, in this case, consumption of the
reducing mixture is negligible.
Theoretic minimum need of the reducing gaseous mixture
will correspond to calculated consumption, whichever value is
higher. From thermodynamic patterns following the combined
equilibrium diagram for mixtures CO–CO2 and H2–H2O with
iron oxides and iron, it results that the higher the temperature
is during reduction by a gaseous mixture containing more than
50% of hydrogen, the lower the minimum amount of gaseous
reducing mixture will be. Over 600 up to 70 °C Vmin.1 is higher
than Vmin.2, and the minimum amount of reducing mixture
is determined by equilibrium conditions of iron reduction
from wüstit. On the other hand, when the temperatures are
lower, the consumption of the gaseous mixture for wüstit
reduction frommagnetite can be decisive. Therefore, if different
temperatures are anticipated in various reduction zones, it
is necessary to check, arithmetically, both reactions for each
reduction zone. In cases where inert nitrogen is also present in
the reducing mixture, a minimum amount of reducing gaseous
mixture increases. Also, the original presence of carbon dioxide
or water vapour has a similar effect.
Mentioned equations are only valid under simplified con-
ditions, when reduction is not accompanied by concurrent re-
actions, such as Bell’s reaction or Boudouard’s reaction. Bell’s
reaction, especially, would disable the wüstit reduction by
carbon monoxide under 700 °C (Baur–Glassner’s diagram), ac-
cording to equilibrium conditions of this reaction. If hydro-
gen reduction occurs at lower temperatures, generated water
vapour can react with CO and the resulting reaction approves
itself as a reaction of indirect reduction:
Fe3O4 + H2 = 3FeO+ H2O (9)
H2O+ CO = H2 + CO2 (10)
—————————————–
Fe3O4 + CO = 3FeO+ CO2 (11)
and/or:
FeO+ H2 = Fe+ H2O (12)
H2O+ CO = H2 + CO2 (13)
—————————————–
FeO+ CO = Fe+ CO2. (14)
When the process is real, in all cases, it is necessary to also
take into account kinetic influences, especially the high speed of
the reducing gas flow, which limits the course completeness of
concurrent reactions. Practically carried out hydrogen balances,for example, at blast furnace sinters, show that a comparatively
large share of hydrogen transfers to stack gas in the form
of H2O(g). From the significant share of concurrent reactions
(Boudouard’s reaction, Bell’s reaction, water gas reaction), it is
obvious that the total hydrogen decrease in reducing gas does
not indicate its actual contribution to reduction yet.
A minimum amount of reducing gas, calculated according
to the mentioned relations, cannot be considered a practical
prognosis of final consumption, because these relations do not
contain the kinetic aspect of a reduction. In fact, hydrogen is a
more effective deoxidizing agent than CO, even at temperatures
lower than 820 °C, because hydrogen applies its outstanding
ability to diffuse the pores of reduced base materials.
3. Variant technological analysis and prediction
For the purposes of simulation and subsequent variant cal-
culations of the blast furnace smelting course, a system of
models of blast-furnace smelting was developed at the VŠB
Institute of Metallurgy of the Technical University, Ostrava.
More detailed description of the models is mentioned in
Refs. [3–5]. Besides application of the usual material and ther-
mal balances, here, are applied, especially, thermodynamic and
kinetic models of ore charge reduction. The system of models is
currently modified and completed, which enables extension of
its utilization for assessment, course analysis and the prediction
of results of the above discussed traditional, as well as untradi-
tional, technological innovations of iron production, especially
using new kinds of alternative fuels when a hydrogen share in
reducing gas considerably increases.
The principle of course prediction of iron oxide reduction
is based on well-founded and quite reliable knowledge of the
input properties of materials and required output parameters.
What remains unsure and hardly predictable during the process
course, is the way in which the process will internally develop
what, in cases of blast-furnace smelting, especially means
which reduction part will occur in a direct way (by carbon) and
which reduction part will occur indirectly (by reducing gas).
This ratio is decisive for the heat and reduction provision of
the process and basically determines fuel (deoxidizing agent)
consumption.
In the number of articles from blast-furnace experts [3,6,7],
it was convincingly proved that minimum coke consumption
can be reached at an optimum ratio of direct and indirect
reductions. A well-founded prognosis of direct and indirect
reduction ratios would enable an increase in the predicative
quality of the current evaluation of process development and
reserves, aswell as amore objective assessment of the expected
needs of the deoxidizing agent. In cases of higher hydrogen
content in reducing gas, this share is considerably influenced,
and output and energy production parameters are changed.
Analytic work and simulation were, therefore, concentrated
on the elaboration of kinetic models of iron oxide reduction;
above all, of the indirect reductionmodel. The base of the kinetic
model was an idea to use the results of the ore reducibility test
using the algorithm published by Tuma et al. in source [4].
Testing rooms for blast-furnacematerials usually have avail-
able resistance furnaces to carry out the material tests of
reducibility, enabling sample heating, while reducing gas is
flowing among sample grains. Reduction at chosen tempera-
tures (for example 900 °C) occurs; it is to simulate a reduction
in the isothermal zone of the blast furnace or another reduction
aggregate stack.
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with different content referring to (a)–(c) options.
Information on a reduction course can be simply gained
from the record of the time decrease of the oxygen mass in
the charge during reduction. Special difficulty exists in how to
determine the reduction speed kinetic constants of individual
oxides, because it would be difficult to provide, experimentally,
a separate course for their reduction.
To determine individual kinetic constants (coefficients of
reduction speed) for appropriate oxides in the scope of the
suggested model, a visualization mathematic procedure was
developed using the results of usual reducibility isothermal
tests, which were carried out using a gaseousmixture of CO–N2
(testing device Ostrava), and later with a certain hydrogen
share in this gaseous mixture (ThyssenKrupp Duisburg testing
device). Comparison of the course of oxygen decrease when
reducing the mixture with different hydrogen and nitrogen
shares with agglomerate samples from the Ostrava Company is
shown in Figure 2.
Composition of the reducing gas for material tests were
selected, with regard to the actually possible composition of
hearth gas under our conditions for three expected options:
(a) Composition of hearth gas when a dry unenriched blast is
blown;
(b) Composition of hearth gas in case of an injection of
degassing gas in the amount of 50m3 t−1 of pig iron,without
blast enrichment by oxygen;
(c) Composition of hearth gas during injection of degassing gas
in the amount of 50 m3 t−1 of pig iron and enrichment of
blast by oxygen to 25% O2.
A kinetic model was used for the desired interpretation
of results of experimental testing. Gaining kinetically verified
dependence between the specific consumption of carbon
needed for generation of reducing gas, and the stage of direct
reduction, enabled determination of the chemic-kinetic limit
of carbon consumption for indirect reduction of iron oxides
(Figure 3). But, from the point of view of the enthalpy balance
of blast-furnace smelting, it is necessary to take into account
that the heat developed during carbon gasification to reducing
gas, has already covered the necessary process of heat needs.
This heat limit also markedly depends on the stage of direct
reduction.
As indirect reduction is applied to the first phase of blast-
furnace smelting, the range of its course for the resulting
mutual relation of both reduction types is essentially decisive.
The share of direct reduction on the total reduction range,
and the direct reduction stage, rd, is then a model output.
Mutual dependence between the share of direct reduction and
the resulting consumption of fuel carbon (deoxidizing agent)
represents a requirement on the actual minimum provision ofFigure 3: Determination of kinetic and heat limits of carbon consumption for
different compositions of reducing gas referring to (a)–(c) options.
Figure 4: Course of correlation function: % H2 in the gas stage of direct
reduction (rd).
the reducing process by this fuel. Thementioned dependence is
shown in Figure 3 for the evaluated sinter, where kinetic curves,
as well as intersections of these curves with heat limit (points
Xi), are indicated for all three options.
During the presented procedure, Professor L. Broz’smodified
calculationmodel of theoreticminimumcoke consumptionwas
applied to determine the heat limit (point X), which is currently
extended to the programme with an output in the form of a
modified CDR diagram.
As follows from the above mentioned diagram, the increase
of hydrogen content in reducing gas decreases, comparatively
significantly, a share of endothermic direct reductions on total
reduction, as well as consumption of the gaseous deoxidizing
agent, on indirect reduction. To verify the principally influenc-
ing character of increased hydrogen content in reducing gas,
evaluation of actual datawas also carried out, with regard to the
operation of blast furnace No. 3 of the Ostrava Company, by the
conventional procedures of dynamic statistics. Results clearly
illustrate the course of the mutual correlation function, hydro-
gen, in reducing gas (%H2), and the stage of direct reduction (rd),
indicated in Figure 4. The unit of time shift between bothmoni-
tored parameters, τ , represents the period of one tapping cycle
(approx. 2.5 h).
The maximum of the significant correlation function is
reached at zero time shift, which means that the effect of the
change of hydrogen content in reducing gas is significantly
proven in the stage change of direct reduction still in the period
of the actual tapping cycle (up to approximately 2.5 h).
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enables reliable quantification of this influence, according to the
discovered regression. For the evaluated case of the direction
of the regression line, it reaches s value of 0.009, which means
that the increase of hydrogen content in reducing gas by 1%will
be proven by the decrease in the stage of direct reduction by
approximately 0.01. In comparison with the change value, rd,
discovered through predicting the model, the value discovered
from the operation data is approximately one quarter lower.
Nevertheless, this result, in principle, confirms the possible
utility of the mentioned predicting procedure.
In contrast to the currently used CDR, the diagram from our
version mentioned in Figure 3, does not show thermodynam-
ically theoretic limits, but actual limits of the minimum spe-
cific consumption of fuel carbon (Xi), which comply with actual
charge reducibility andwhich can be reached only through bet-
ter use of reducing gas.
Use of the prognostic model system for elaboration of test
results carried out with higher hydrogen content in reducing
gas enables the prognosis, even for application of those non-
traditional fuels, whose injection increases the hydrogen share
in reducing gases, as well as the hydrogen reduction share
in total reduction. Some non-traditional alternative fuels have
not been used in the process yet, even abroad, and use of
the presented prognostic model system enables, in this way,
a preliminary efficiency assessment of their application [8]. As
obvious from the above mentioned figures, the influence of
hydrogen share in reducing gas is considerably significant in
the speed and efficiency of the reducing process. In the blast
furnace department, a decrease in the total cost of production
is possible, mainly by a decrease in the cost of fuel [9].
4. Conclusion
At VSB, the Technical University of Ostrava, an original
computation has been developed which enables prediction of
the actual limits of fuel/deoxidizing agent consumption during
blast-furnace iron production, using the reducibility tests of ore
based materials.
The core of the computation is represented by a kinetic
model, enabling interpretation of test results. In previous years,
these testswere carried out, evenwith a certain hydrogen share
in reducing gas, aiming for a preliminary realistic prognosis
of the effects of hydrogen presence in the actual present pro-
cess, tending towards amore extensive utilization of alternative
fuels and waste. Some non-traditional alternative fuels have
not been used in the process yet, even abroad, and the use of
the presented prognostic model system enables, in this way, a
preliminary efficiency assessment of their application as alter-
native fuels/deoxidizing agents, without the necessity of carry-
ing out expensive operational experiments. As follows from the
first test results, the influence of hydrogen share on the reduc-
tion process acceleration, and the increase of iron production
efficiency, is not negligible, in any case.Acknowledgments
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